C ytochrome c is a 12 kDa protein essential to cellular respiration in mitochondria that transports electrons between ubiquinol cytochrome c oxidoreductase (Complex III) and cytochrome c oxidase (Complex IV) [1] . Highly conserved among species, cytochrome c contains a covalently bound heme group and nineteen lysine residues that contribute to the relatively high isoelectric point (pI) of 9.6 [2] . It is associated with the inner mitochondrial membrane through its interactions with cytochrome c 1 and subunit II of cytochrome c oxidase and is found in relatively high concentration (approximately 400 M) in mitochondria [3] [4] [5] [6] [7] [8] [9] . Cytochrome c also plays an important role in cellular apoptosis contributing to the formation of the apoptosome once released into the cytosol and the initiation of caspase activation [10] .
4-Hydroxy-2-nonenal (4HNE) is a highly reactive ␣,␤ unsaturated aldehyde and a major secondary product of lipid peroxidation [11, 12] . Reports estimate normal rat liver 4HNE concentrations in the range of 0.4 to 2.8 nmol/g wet weight [13] . Studies concerning the covalent adduction of 4HNE to cellular target proteins have demonstrated that 4HNE can interact with and in some cases inhibit a variety of enzymes, including the adenine nucleotide translocator and Complex III of the mitochondrial electron transport chain [14 -16] . Immu-nohistochemical detection using anti-HNE antibodies has shown that 4HNE-protein modifications exist in disease states including atherosclerosis, bacterial meningitis, olivopontocerebellar atrophy, and chronic obstructive pulmonary disorder [17] [18] [19] [20] . More recently, it has been demonstrated that 4HNE reacts with epithelial fatty acid binding protein in vivo [21] .
Lipid peroxidation and mitochondrial dysfunction in general have been associated with a number of chronic oxidative disease states including neurodegenerative diseases, prion diseases, ethanol-associated liver injury, and injury from ischemia/reperfusion [24 -30] . As it is a significant component of the mitochondrial inner membrane, cytochrome c represents a potential target of adduction by secondary products of lipid peroxidation, an event known to occur in the highly oxidizing environment of the mitochondria due to the presence of significant amounts of reactive oxygen species that can initiate degradation of lipid molecules [31] . The modification of cytochrome c by electrophilic lipid degradation products such as 4HNE could result in altered tertiary structure and an initiation of events leading to the inhibition of cellular respiration and mitochondrial function, both contributing further to oxidative stress.
Amino acids modified by 4HNE have nucleophilic groups (histidine, lysine, and cysteines) which form Michael adducts (Figure 1 ). 4HNE-modified lysines have also been characterized in both Schiff base and 2-pentylpyrrole forms [22, 23, 33] . A Michael addition to lysine or histidine residue results in a mass shift of 156.
In Schiff base condensation reactions with protein lysine residues, there is a concomitant loss of water resulting in a mass addition of 138. Other adducts include the 4HNE-lysine 2-pentylpyrrole adduct formed from the double dehydration of a Michael adduct which results in a mass increase of 120.
Although cytochrome c has not been identified to date as a target for the direct modification of 4HNE in mitochondria, it has several advantages for these studies including a detailed crystal structure and several nucleophilic centers that have the potential to react with this lipid oxidation product. In the present study, 4HNE modification of cytochrome c has been investigated by characterization of molecular weight increases using matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS). Identification of additional sites found on proteolytic peptides using MALDI-TOF and LC-ESI tandem mass spectrometry was also performed along with isoelectric focusing used to separate different pI states of modified protein.
Materials and Methods

Materials
Horse heart cytochrome c was obtained from Sigma Chemical Company, St. Louis, MO. Dibasic potassium phosphate and screw glass vials were obtained from Fisher, Norcross, GA. Spin-X centrifuge tubes with 0.45 m cellulose acetate filters were obtained from Costar, Corning, NY. G-25 Sephadex beads and Immobiline DryStrip pH 6-11, 11 cm IpG strips were obtained from Amersham-Biosciences, Piscataway, NJ. Porozyme bulk immobilized trypsin was obtained from Applied Biosystems Inc., Framingham, MA. Sequencing-grade chymotrypsin was obtained from Roche Diagnostics Corp., Indianapolis, IN. ␣-Cyano-4-hydroxycinnamic acid (CHCA) and 3,5-dimethoxy-4-hydroxy-cinnamic acid (sinapinic acid) were obtained from Aldrich, Milwaukee, WI. 4HNE was obtained from CalBiochem, La Jolla, CA. Tri-buytl phosphine was obtained from Bio-Rad Laboratories Inc, Hercules, CA. All other reagents were of reagent grade quality unless specified.
Modification of Cytochrome c by 4HNE
Cytochrome c was modified by 4HNE using a procedure adapted from the method published previously by Bolgar and Gaskell [23] . Briefly, cytochrome c (2 mg/ ml) was incubated with 50 mM K 2 HPO 4 pH 7.4 and 4 mM 4HNE at 37°C for 2 h. The reaction was terminated by the addition of 25 L of 1% (vol/vol) formic acid. The mixture was passed through a Sephadex G-25 column to remove excess buffer and unreacted 4HNE. Concentration-dependent studies were conducted similarly using cytochrome c (100 M) and concentrations of 4HNE ranging from 50 M to 1.6 mM. The cytochrome c used in these experiments is in the ferric oxidation state as determined by UV/VIS spectrophotometry.
Isoelectric Focusing Studies
Isoelectric focusing of native and 4HNE-modified cytochrome c was performed on a Multiphor II (AmershamPharmacia Biosciences). Protein samples were diluted to the appropriate volume with a rehydration buffer consisting of 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propane-sulfonate (CHAPS), 2% ampholytes, and 5 mM tri-butyl phosphine (TBP). Protein (50 g) of each sample was applied to immobilized, 11 cm linear pH 6 -11 strips and allowed to rehydrate passively overnight. Focusing occurred in three steps.
Step one consisted of a conditioning step of 300 V for one min.
Step two was a gradient up to 3500 V over 90 min.
Step three involved focusing the strips at a constant voltage of 3500 V for 5 h. The total volt-hours approximated 17,500. Strips were subsequently analyzed using a GS-800 scanner (Bio-Rad Laboratories, Hercules, CA) and PDQuest analysis software (Bio-Rad Laboratories).
Protein Analysis by Mass Spectrometry
Undigested native and 4HNE-modified cytochrome c were analyzed by MALDI-TOF MS to detect changes in total protein mass. Briefly, samples were mixed 1:10 (vol/vol) with a saturated solution of sinapinic acid in 50% aqueous acetonitrile/0.1% aqueous trifluoroacetic acid (1:1, vol/vol) and 1 L spotted onto the stainless steel MALDI target plate and allowed to dry before analysis by MALDI-TOF MS. Protein molecular ions were analyzed in linear, positive ion mode using a Voyager Elite mass spectrometer (Applied Biosystems). Using an acceleration voltage of 25 kV and a laser intensity of 2500 V, each spot was analyzed a minimum of three times, accumulating spectra composed of approximately 200 laser shots in total. The resulting spectra were analyzed by DataExplorer (Applied Biosystems, Inc). The instrument was calibrated using an external apomyoglobin standard and the resulting spectra were Gaussian-smoothed and baseline-corrected.
Tryptic and chymotryptic peptide maps were generated for the native and 4HNE-modified cytochrome c. These digests were used to identify the peptides to which an addition of 4HNE had occurred by comparison of m/z shifts. Immobilized trypsin (Applied Biosystems, Inc.) (3 L) was loaded into a gel loading tip, washed with 50% aqueous acetonitrile containing 25 mM ammonium bicarbonate, and subsequently charged with 25 mM ammonium bicarbonate. Five L of sample was loaded onto the column and allowed to digest for 10 min. Peptides were eluted with 3 washes of 50% aqueous acetonitrile containing 25 mM ammonium bicarbonate and diluted 1:10 (vol/vol) with a saturated solution of CHCA in 50% aqueous acetonitrile/0.1% trifluoroacetic acid. Samples were also incubated with chymotrypsin diluted in 25 mM ammonium bicarbonate (1:10 ratio of protein to enzyme). Digestion proceeded overnight at room temperature. After digestion, one L of the digest was diluted 1:10 (vol/vol) with a saturated solution of CHCA in 50% aqueous acetonitrile/0.1% aqueous trifluoroacetic acid (1:1, vol/vol), and one L spotted onto the MALDI target plate and allowed to dry before analysis by MALDI-TOF MS.
Following proteolysis, peptide molecular ions were analyzed in the reflector mode using a Voyager Elite mass spectrometer with an acceleration voltage of 20 kV. Each sample was analyzed a minimum of three times, accumulating spectra composed of approximately 200 laser shots total. The resulting spectra were analyzed by DataExplorer (Applied Biosystems). The instrument was calibrated internally using a trypsin or chymotrypsin autolysis peak and the resulting spectra were baseline-corrected and noise-filtered. For peptide mass fingerprinting, peptide mass maps were compared between native and 4HNE-modified cytochrome c samples in order to identify m/z shifts of 120, 138, or 156 corresponding to the presence of 4HNE pyrrole, Schiff base, or Michael adducts.
LC-ESI-Tandem mass spectrometry (LC-ESI-MS/ MS) was performed on native and 4HNE-modified peptides using a Waters Corp. 
Results and Discussion
Isoelectric Focusing Studies Figure 2 shows the results of isoelectric focusing of native and 4HNE-modified cytochrome c using IpG strips. Linear IpG strips were used to separate the cytochrome c variants in both the native and 4HNE-modified protein samples. As such, a simplified scale can be drawn representing equal segments of the strip and qualitative measurements regarding the pI shifts can be made. In the inset of Figure 2a , the top strip shows focusing of native cytochrome c and the bottom strip represents the different species present in the 4HNE-modified protein. The majority of the native protein migrates to an approximate pI of 9.70 with a minor band at 9.56. In contrast, the 4HNE-modified cytochrome c has an additional band that moved toward the acidic end of the IpG strip to an apparent pI of 9.25. The pI 9 -10 range of the IpG strips is shown enlarged in Figure 2b . Qualitatively from the simplified scale, a decrease in pI of some variants of the 4HNE-modified sample can be seen. The decreased pI of the additional band found in the 4HNE-modified protein suggests aldehyde modification of positively charged lysines and arginines. As shown in Figure 2 a and b, it is apparent that complete aldehyde modification of cytochrome c did not occur as faint bands corresponding to native cytochrome c still exist in the 4HNE-modified sample. It is also probable that while appearing as one band, the new band is heterogenous and represents a number of products of the aldehydemodified protein. Taken together, these data suggest 4HNE adduction to positively charged amino acids resulting in an overall decreased isoelectric point of cytochrome c.
4HNE Modification of Cytochrome c-Intact Protein Mass Change Determination
From MALDI-TOF analysis, 4HNE-adducted cytochrome c is composed of four different modified protein states (Figure 3b ). For purposes of these studies, the average molecular weight of unmodified cytochrome c is 12361.96 Da. Starting from native cytochrome c shown in Figure 3a at m/z 12365, 4HNE forms as many as four covalent Michael additions as seen in Figure 3b (m/z 12522, 12680, 12838, 12994). A putative matrix adduct to the native protein is also seen in Figure 3a at m/z 12575.
Analysis of the effect on adduct formation of increasing amounts of HNE was carried out using MALDI-TOF MS. The goal was to assess whether there was preferential adduct formation at specific sites on the protein since in vivo the 4HNE concentration (and hence the molar ratio) could be limiting with respect to cytochrome c. Unreacted cytochrome c (100 M) shown in Figure 4a at m/z 12360 was modified by increasing concentrations of 4HNE from 50 M (Figure 4b ) to 1.6 mM (Figure 4g ). Each sample was spotted on the MALDI target five times and the resulting spectra analyzed for the presence of aldehyde adducts. Average molecular weights are presented in the figure. Under the conditions of this experiment, several cytochrome c modified species were observed including aldehyde additions to the putative sinapinic acid-cytochrome c adduct. Figure 4a shows the spectrum resulting from Diagrams describing 4HNE adducts on cytochrome c during increasing concentrations of aldehyde as determined by matrix-assisted laser desorption time of flight mass spectrometry (MALDI-TOF-MS) analysis are presented in Figure 5 . The chart shown in Figure 5a outlines 4HNE-cytochrome c adducts formed and the specific concentrations at which they are detected. Figure 5b shows the percentage of total ion area for each of the ions present in Figure 5a normalized to the most abundant ion in each spectrum. Total ion area was determined by combining the areas under the curve for each spectrum. The average area and standard deviation (n ϭ 5) of each peak is shown. As expected, the area of the unreacted cytochrome c ion at m/z 12360 decreased as the ratio of 4HNE to cytochrome c increased. In contrast, the areas corresponding to the aldehyde adduct ions (m/z 12517, 12672, 12829, 12981 from unreacted cytochrome c ion m/z 12360) increased as a function of increasing aldehyde concentrations.
Literature suggests Schiff base additions are labile in acid environments [13] . Therefore, these adducts should not be abundantly present in ESI or MALDI analysis due to the presence of acids in solvents or matricies. Bolgar and Gaskell [23] report the apparent addition of 4HNE via Schiff base formation to apomyoglobin as an artifact of the electrospray process. More specifically, these authors report the dehydration of 4HNE occurring as a consequence of the desolvation conditions of the electrospray interface. To avoid the problems of acid lability and artificial adduction created by ESI, derivatization of Schiff base adducts by reduction with sodium borohydride is commonly employed to stabilize adducts and conclude definitive addition of 4HNE to protein via a Schiff base mechanism [22] .
Since modification of charged amino acids of 4HNE-adducted cytochrome c was demonstrated by the isoelectric focusing studies described within, modification of lysine residues potentially in both Michael addition Figure 6 shows the peptide mass fingerprint MALDI-TOF MS spectra generated for the native cytochrome c and the 4HNE-modified protein for both trypsin digestion (Figure 6a and b, respectively) and chymotrypsin digestion (Figure 7a and b, respectively). Upon compar- ison of the native cytochrome c digest to the modified sample, trypsinolysis of HNE-treated cytochrome c resulted in ions at m/z 1324.5 and 1452.5 that represent putative 4HNE adducts. The former ion corresponds to the addition of a Michael adduct (ϩ156.1) to the peptide TGPNLHGLFGR (m/z 1168.4) and the latter to a Michael adduct to the same peptide but with an additional lysine on the C terminus. Trypsin typically cleaves at lysine and arginine amino acid residues. The enzymatic digestion of the 4HNE-modified protein could be retarded or even blocked by 4HNE-Schiff base or Michael additions to lysine residues on the protein, thus preventing the enzyme from recognizing possible cleavage sites. Nonetheless, trypsin digestion of 4HNE-modified cytochrome c showed 75% sequence coverage upon MALDI-TOF analysis.
Peptide Mass Fingerprinting and Tandem MS of Modified Peptides
The use of chymotrypsin to digest the native and aldehyde-modified protein enhanced the possibility of detecting aldehyde-adducted peptides because the enzyme does not cleave at lysine residues. Chymotrypsin cleaves at aromatic residues including phenylalanine, tyrosine, and tryptophan. By comparison with the control sample shown in Figure 7a , putative Michael adducts found in the modified protein sample include those with m/z values 1174.7, 1438.9, and 1891.9 and putative Schiff base adducts include m/z values 1300.8 and 1873.2. 4HNE-modified cytochrome c digested with chymotrypsin showed 58% sequence coverage. Observed 4HNE-modified cytochrome c peptide sequences with molecular weights above 900 Da are outlined in Table 1 .
Tandem mass spectrometry of the 4HNE-modified peptides gave conclusive data concerning specific amino acids to which 4HNE had adducted ( Figures  8 -11) . Ion m/z 139 is seen in the spectrum of 4HNE-modified peptides shown in Figures 8 -11 . Bolgar and Gaskell reported a fragment common to 4HNE-adducted histidine and cysteine amino acids was a dehydrated, protonated 4HNE at m/z 139 [23] . As such, selected ion extraction of m/z 139 was used to identify 4HNE-modified peptides. Figure 8a and b show the liquid chromatographymass spectrometry (LC-MS)/MS spectra for the tryptic peptide TGPNLHGLFGR (residue numbers 28 -38) for both native (Figure 8a ) and 4HNE-modified protein (Figure 8b) . A conclusive b and y ion fragmentation 12 , and y 15 . Based upon the b and y ion increase of 120 of the specific modified amino acid and upstream partners, it was concluded that 4HNE adducted the free amino group of K87 forming a 2-pentylpyrrole adduct.
LC-MS/MS spectra of the chymotryptic peptide Although Doorn and Petersen demonstrated the formation of aldehyde-arginine adducts using 4-oxononenal, a lipid peroxidation byproduct similar in structure to 4HNE, and model peptides, 4HNE-arginine adducts of protein amino acids have not been previously detected [34] . Due to the nucleophilic nature of the free amino group in the arginine side chain, the formation of 4HNE-arginine adducts is a plausible event. Theoretical arginine-aldehyde modifications include the Michael, Schiff base, and 2-pentylpyrrole adducts. Our results of LC-MS/MS experiments shown in Figure 10 indicate the formation of an arginine-pyrrole adduct of cytochrome c. Figure 11 shows the proposed chemical structure of an arginine-pyrrole adduct. Table 2 outlines the LC-MS/MS data for the 4HNE-modified peptides for which conclusive b and y ion fragmentation patterns exist, localizing the specific amino acid to which the aldehyde adducted.
Other peptides containing both 138 and 156 Da additions were detected, but their fragmentation patterns were not conclusive for site of modification, most probably because a reduction step was not performed to stabilize labile adducts. Based on the molecular masses of the peptides, additional 4HNE-adduction to the peptides Ac-GDVEKGKKIF (residue numbers 1-10), GRKTGQAPGFTY (residue numbers 37-48), and AGIKKKTEREDLIAY (residue numbers 83-97) was apparent (data not shown). The fragmentation patterns were similar to the corresponding unmodified peptides, but not definitive for localizing site(s) of modification.
An X-ray crystal structure of horse heart cytochrome c with the heme group bound was used to evaluate the sites of modification by 4HNE (Figure 12 ). The side chains of amino acids established by LC-MS/MS experiments to be modified by 4HNE are labeled using a space-filling model. It is significant that Lys87 is involved in the binding of cytochrome c to both cytochrome c reductase and cytochrome c oxidase [32] .
Conclusions
Results from mass spectrometry experiments discussed within describe the interaction of 4HNE, a secondary product of lipid peroxidation, and nucleophilic amino acid residues of cytochrome c, a mitochondrial protein essential to electron transport, by covalent modification forming protein-aldehyde adducts. Our data demonstrate that 4HNE can form as many as four adducts with cytochrome c. The amino acids H33, K87, and R38 are modified by this aldehyde under in vitro conditions, and a decrease in protein pI occurs as a result of this modification. Of particular interest is the modification of arginine which has not been reported previously.
Our work demonstrates the utility of MALDI-TOF to investigate protein modification by this aldehyde as current literature suggests ESI conditions may produce artifactual adducts. Results from intact protein studies using MALDI-TOF to determine stoichiometry of adduct formation demonstrated that as many as four 4HNE molecules can form covalent bonds with amino acid side chains of cytochrome c. The use of mass spectrometry to study the intact protein forms was enhanced by digesting the native and 4HNE-modified samples with different enzymes and subjecting the Figure 12 . Diagram of horse heart cytochrome c containing the bound heme group. The backbone of the protein is shown in black. Amino acids found by tandem MS experiments to be modified by 4HNE are colored, labeled, and side-chains are represented using the space-filling model.
resulting peptides to sequencing techniques to locate sites of adduction. Peptide mass fingerprinting of both native and 4HNE-modified protein using trypsin and chymotrypsin suggested several additions of aldehyde to cytochrome c peptides in both Schiff base and Michael addition forms. Data from isoelectric focusing experiments presented within suggest 4HNE-modification of charged amino acid residues including lysines and arginines in cytochrome c resulting in a decreased protein pI. Our results from this experiment indicate that one or more charged amino acids are modified by 4HNE under in vitro conditions. LC-MS/MS experiments indicated that, under conditions described within, 4HNE can interact with H33 forming a Michael adduct, and K87 and R38 forming 2-pentylpyrrole adducts. In completing its task of shuttling electrons between Complexes III and IV in the electron transport chain, cytochrome c alternatively binds the complexes through an interaction with specific lysine molecules. 4HNE adduction of lysine residues such as K87 during lipid peroxidation could potentially have significant effects on enzyme binding capabilities, as well as electron transport efficiency. Our work described here demonstrates the value of a combined proteomic and mass spectrometry approach to study issues of post-translational modification of protein due to cellular events such as lipid peroxidation.
